Abstract -Multi quantum well structures in the deep blue emitted system 2-methyl-9,10-di(1-napthyl)anthracene (α, α-MADN) are fabricated. The device structures are optimized with respect to the layer thickness and number of pairs forming the quantum wells. The Electroluminescence spectra are de-convoluted into 3 peaks with peak positions 432 nm, 458 nm and 500 nm, which are believed to arise due to the recombination of electrons and holes in the MADN, MADN/NPB interface and Alq 3 , respectively. It is observed that a better confinement of excitonic charges in different layers causes the efficiency to enhance by more than 25% using optimized thickness parameters and 2 pairs of quantum well structures.
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During the last two decades organic electroluminescent devices have attracted great attention due to their wide application in full-color flat panel display technology and future solid-state lighting application [1] [2] [3] [4] . In recent years, much attention has been paid in developing blue organic light-emitting diodes (OLED) with high efficiency, deep blue color and long operational time [5, 6] . So far, a few studies have already been done using blue host materials to obtain blue emission but the efficiency is not too high [7] . Therefore, effort has been given to use a guesthost doped emitter system to enhance the efficiency of the blue emission and long operational time [8, 9] .
Other than host and dopant materials found to have a great impact on the recombination efficiency, the most efficient way to enhance the recombination efficiency in OLED is to balance electrons and holes in the emission layer. A couple of years back it was reported that the efficiency of green OLED could be doubled using a double-layer emitting structure [10] . Very recently, a sequential doping method has been used to enhance quantum efficiency [11] . Due to the balance of injected holes and electrons, efficiency has also been enhanced by incorporating a hole blocking layer [12] .
(a) E-mail: cnssks@iacs.res.in (b) E-mail: yksu@mail.ncku.edu.tw Although many efforts have been given to enhance recombination efficiency, the field remains totally unexplored in the area of multi quantum well (MQW) structures in which charge carriers are confined in different layers. In MQW device structures the recombination of holes and electrons occurs in different layers and efficiency could be improved due to the better balance of electrons and holes than a single-layer device. So far very few works on multi quantum well OLED structures have been reported [13, 14] . All of them are Alq 3 -based green emission and to our knowledge there is no report on multi quantum well structures with deep blue emission. In this letter, we report on the multi quantum well structure of the deep blue emitting material 2-methyl-9,10-di(1-napthyl)anthracene, abbreviated as α, α-MADN to enhance the efficiency compared to the conventional MADN-based deep blue OLED.
Several device structures ITO/NPB/MADN/BCP/ Alq 3 /LiF/Al to optimize the thickness parameters of different layers are fabricated in both the conventional and quantum well structures. hole blocking layer and electron transport layer, respectively. In the multi quantum well structure, the first NPB layer is used as hole transport layer and MADN-NPB is used as the quantum well pair with MADN as quantum well and NPB as barrier layer for the electron. Figures 2(a) and (b) show the EL spectra of multi quantum well and conventional device structures with optimized thickness parameters. Both devices show blue emission at ∼ 452 nm.
To optimize thickness parameters of different layers, first of all, we have investigated the thickness variation of the NPB layer used as hole transport layer near the ITO side. Figure 3 (a) shows the variation of device performance in the conventional device structure with the thickness of NPB layers keeping other parameters fixed. It is seen that the NPB layer of thickness 70 nm gives the highest efficiency. In a similar way, fig. 3 (b) shows the optimum thickness for the Alq 3 layer (40 nm) corresponding to the best performance of the device. From the EL spectra, it is observed that for higher Alq 3 thickness the emission color shifts to a higher wavelength. Therefore, we have used 40 nm as Alq 3 layer thickness, which gives on efficiency of 1.43 cd/A for the emission at 452 nm. We have also investigated the emission without the BCP layer and seen that the efficiency increases to a higher value, 1.64 cd/A, but the emission color changes towards green (500 nm) due to the injection of some holes into the Alq 3 layer. To limit the hole injection in to the Alq 3 layer we have used the BCP layer as hole blocking for restricting the emission in the deep blue range.
Although in the present device structure we have used MADN and Alq 3 with emission colors 432 nm [7] and 510 nm [15] , respectively, both devices viz. conventional as well as multi quantum well structures emit color at 452 nm with optimized thickness parameters. To explain the origin of this emission color at 452 nm in our devices, we have investigated the conventional device with struc- Figure 3(c) shows the EL spectra for the conventional device with BCP layers of 10 nm, 5 nm and without the BCP layer. From the figure, it is seen that emission colors for 3 devices are at 436 nm, 456 nm and 500 nm, respectively. This is due to the fact that without the BCP layer holes cannot be blocked in the MADN layer and holes are injected into the Alq 3 layer; as a result, emission takes place mostly in the Alq 3 layer. Using the BCP layer of thickness 10 nm, the emission occurs at 436 nm as it is confined within the MADN layer due to hole blocking at the BCP layer.
Therefore, in the present device, instead of emitting a single color from the MADN layer, multi colors are produced in other layers like Alq 3 and also at the interface (MADN/NPB) of two layers. To investigate the emission from the MADN/NPB interface, we have de-convoluted the EL spectra by two peaks as shown in fig. 3(d) . In this de-convolution process peak positions are obtained at 439 nm and 477 nm, which are unphysical as these are neither from MADN nor from Alq 3 layers. The degree of fitting by two peaks is also not good enough. Therefore, we have de-convoluted the EL spectra with 3 peaks, and the following peak positions at 432 nm, 458 nm and 500 nm are obtained. The first peak (432 nm) arises due to the recombination of electrons and holes in the MADN layer, the second one (458 nm) arises due to exciplex emission [16] with MADN as electron acceptor and NPB as donor at the MADN/NPB interface and the third (500 nm) due to recombination in the Alq 3 layer. For clarity, it is mentioned that in this de-convolution process we have chosen only the number of peaks but not peak positions, which are obtained by the de-convolution process. The remarkable agreement of the estimated peak positions (432 nm, 458 nm and 500 nm) confirms that in the present devices emissions occur from MADN, Alq 3 and the interface of MADN/NPB.
In the quantum well device structure, to enhance the efficiency by electron confinement in different MADN layers we have investigated the thickness variation of each layer of quantum well pairs (MADN-NPB). Figures 4(a) and (b) show the EL spectra of the quantum well devices with NPB layer thicknesses of 15 nm and 5 nm. Figure 4 (c) shows the energy band diagram of the device showing the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels for all organic layers. From the band diagram it is seen that the LUMO level of MADN is lower than the NPB LUMO level. Therefore, the MADN layer is used as quantum well where the electrons are confined and the NPB layer is used as barrier. From Fig. 4(a) it is seen that there is a red-shift with increasing voltage for the 15 nm NPB layer thickness at all operating voltages applied in the experiment, whereas no such shift in EL spectra is observed in the case of the 5 nm NPB layer.
As mentioned above, in the present multi quantum well (MADN-NPB) device there are three types of emissions: one due to the recombination of electrons and holes in the MADN layer, another due to exciplex emission at the interface (MADN/NPB) and the third in the Alq 3 layer. Three devices are fabricated with a variable thickness of NPB layers as 15 nm, 10 nm and 5 nm, respectively. The EL spectra for the 15 nm NPB layer is de-convoluted into three peaks: one corresponding to MADN emission (432 nm), another corresponding to exciplex emission (457 nm) and the third due to Alq 3 emission (near 500 nm). It is seen that at lower voltage (7 V) the emission color is at 436 nm and at higher voltages there is a red-shift of 20 nm up to voltage 18 V. This is due to the fact that at lower voltage, most of the holes are confined within the NPB and the MADN layer to give exciplex and MADN emission and very few holes can cross the BCP layer for Alq 3 emission. But as voltage increases, more and more holes can cross the BCP layer and give rise to Alq 3 emission. Figure 4(d) gives the relative variation of the intensity ratio of two emissions, at 457 nm and 493 nm, with respect to 430 nm. From the figure it is seen that the slope of the Alq 3 emission with respect to the MADN emission (432 nm) is larger for the 15 nm NPB layer than for the 5 nm NPB layer. This means that at higher voltages the Alq 3 emission increases with respect to the MADN (432 nm) emission; as a result, a red-shift in EL spectra is observed at higher voltages.
For the 5 nm NPB layer thickness, no such red-shift with voltage is observed and the emission color is at 436 nm. In this device also, we have de-convoluted the EL spectra into three peaks and seen that the Alq 3 emission is less compared to the other two. This is due to the fact that for a lower thickness of the NPB layer, holes are accumulated (space charge effect) at the NPB layer and forms a barrier to limit the hole injection from the ITO side to the MADN layer. Therefore, the number of holes that reach the Alq 3 layer does not depend on the applied voltage, the emission in Alq 3 layer remains constant with voltage and no such red-shift with voltage is observed for the 5 nm NPB device.
We have also studied the variation of the MADN layer thickness and seen that 10 nm layer thickness is the optimum for better efficiency. For a MADN layer thickness higher than 10 nm, efficiency increases but the operating voltage also increases to a higher value and, therefore, we limit the MADN layer thickness to 10 nm.
Finally, in the optimized condition, we have investigated the multi quantum well structures with 2 and 4 (MADN-NPB) pairs and compared them with the conventional device structures. It is seen that the two-pairs device gives the best performance with the efficiency of 1.4 cd/A, an enhancement of more than 25% over the conventional device. The relative enhancement of the efficiency of both the conventional and multi quantum well device is shown in fig. 5 . This enhancement of the efficiency in the MQW device is attributed to the excitonic charge confinement in different MADN layers and to the better balance of electrons and holes.
In summary, multi quantum well device structures with the deep blue emitted system 2-methyl-9,10-di(1-napthyl)anthracene (α, α-MADN) have been fabricated. The emission spectra consist of three colors, at 432 nm, 458 nm and 500 nm, respectively. The device parameters like the thickness of each layer and the number of quantum well pairs are optimized to tune the emission color and to achieve a better performance. It is seen that using two pairs and optimized thickness parameters the multi quantum well device gives an enhancement of efficiency of more than 25% over the conventional device.
